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MODE-LOCKED LASER AND OPTICAL MULTI-CARRIER SOURCE USING 

SAME 

5 TECHNICAL FIELD 
[0001] 

The present invention relates to a mode-locl<ed laser to serve as a stable light source 
for generating opticcil multi-carrier, and to an optical multi-carrier source using the same. 

1 0 BACKGROUND ART 
[0002] 

Optical multi-carrier sources that generate optical carriers at a constant frequency 
spacing are useful light sources for communication and measurement purposes. 
[0003] 

15 Fig. 34 shows an optical multi-carrier source as a first conventional example 

(Non-patent document 1 ). This conventional example, which is suitable for generating tens of 
optical carriers, is configured in such a manner that opticcil single carrier sources 81 are 
provided in a number equal to the number of optical carriers, to output respective optical 
carriers which are combined together by a wavelength multiplexer 82. For miniaturization, 

20 small-size light sources such as distributed feedback semiconductor lasers are used as the 
optical single carrier sources 81. 



Fig. 35 shows an optical multi-carrier source as a second conventional example. This 
conventional example is configured in such a manner that optical output (center optical 
25 frequency: vo) of an optical single carrier source 81 such as distributed feedback semiconductor 



[0004] 



lasers is input to an optical modulator (intensity modulator, phase modulator, or the like) 84 
that is driven by a periodic signal having a repetition frequency f that is output from an 
oscillator 83 and optical multi-carrier is produced by generating plural sidebands having a 
constant spacing. Where many optical carriers are necessary, as described In Non-patent 
5 document 2, output beams of plural optical single carrier sources are multiplexed and them 
modulated by an optical modulator. Although the frequency spacing of the optical 
multi-carrier Is equal to the modulation frequency of the optical modulator, the llnewidth and 
the frequency stability of the optical multi-carrier are equivalent to those of optical output of 
optical single carrier sources. 
1 0 [0005] 

An optical multi-carrier source as a third conventional example employs a multlmode 
laser such as a Fabry-Perot laser (Non-patent document 3) or a mode-locked laser (Non-patent 
document 4) and generates optical multi-carrier having a constant frequency spacing. To 
generate many optical carriers, a bandwidth limiting means such as an optical filter is not 
1 5 provided In a laser resonator. On the other hand, to stabilize the oscillation light frequency, 
injection locking caused by external light (Non-patent document 4) or an optical frequency 
locking means utilizing a wavelength filter Is employed. 
[0006] 

Fig. 36 shows an optical multi-carrier source as a fourth conventional example. This 
20 conventional example is configured in such a manner that a modulating section of an optical 
pulse source 85 Is driven by a periodic signal supplied from a signal generating section 86 and 
output optical pulse train is input to a waveguided optical nonlinear medium 87, whereby 
optical multi-carrier is generated. A spectrum broadening phenomenon based on an optical 
nonlinear effect such as supercontinuum generation is caused in the waveguided optical 
25 nonlinear medium 87 with the output optical pulse train of the optical pulse source 85 as a seed, 



whereby the number of optical carriers included in the output optical pulse train is increased. 
The frequency spacing of the optical multi-carrier is equal to the repetition frequency of the 
output optical pulse train. The optical pulse source 85 may be a light source as a combination 
of an optical single carrier source and an external modulator (Non-patent document 5) or a 
5 mode-locked laser (Non-patent document 6). 

Non-patent document 1 : "500 Gb/s (50x10 Cb/s) WDM Transmission over 4.000 km 
Using Broadband EDFAs and Low Dispersion Slope Fiber," OFC/IOOC '99 Postdeadline Papers, 
1999. 

Non-patent document 2: "12.5 GHz Spaced 1.28 Tb/s (512-Channel x 2.5 Gb/s) 
10 Super-Dense WDM Transmission over 320 km SMF Using Multiwave length Generation 
Technique." IEEE Photonics Technology Letters, Vol. 14, No. 3, 2002. 

Non-patent document 3: "Longitudinal Mode Dependence of Transmission 
Characteristics for Injection Locked FP-LD," The 2002 General Assembly of the Institute of 
Electronics, Information and Communication Engineers, B-10-155. 
1 5 Non-patent document 4: "Experimental Investigation of Injection Locking of 

Fundamental and Subharmonic Frequency-Modulated Active Mode-Locked Laser Diodes," IEEE 
Journal of Quantum Electronics, Vol. 34, No. 9, 1998. 

Non-patent document 5: "Low-Noise Optical Frequency Comb Generation Using 
Phase Modulator," 1st Microwave/Millimeter Wave Photonics (MWP) Research Meeting, The 
20 Institute of Electronics, Information and Communication Engineers, MWP03-3, 2003. 

Non-patent document 6: "More Than 1,000 Channel Optical Frequency Chain 
Generation from Single Supercontinuum Source with 12.5 GHz Channel Spacing," Electronics 
Letters, Vol. 36. No. 25. 2000. 
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PROBLEMS TO BE SOL VED BY THE INVENTION 
[0007] 

In the configurations of tJie first and second conventional examples which employ the 
plural optical single carrier sources, it is necessary to perform a control and attain stabilization 
5 so that the optical frequencies of the respective optical single carrier sources have an equal 
spacing. These configurations are impractical in terms of the size and cost in the case where 
the number of optical carriers exceeds 100. 
[0008] 

In the third conventional example using the multimode laser, when generating many 
1 0 optical carriers, mode partition noise specific to multimode lasers occurs and it deteriorates the 
quality of each optical carrier. On the other hand, if the bandwidth is limited in the multimode 
laser, it becomes difficult to generate many optical carriers even though the mode partition 
noise is reduced and the quality of each optical carrier is improved. That is, the bandwidth 
limitation in the multimode laser causes a tradeoff relationship between the quality and the 
1 5 number of optical carriers generated. 
[0009] 

In the fourth conventional example, because of the use of the spectrum broadening 
phenomenon based on the optical nonlinear effect, the quality of each optical carrier is 
generally the same as or lower than the quality of optical pulse train as a seed and is lower than 
20 the quality of optical output of an optical single carrier source. 
[0010] 

An object of the present invention is therefore to provide a mode-locked laser capable 
of generating high-quality optical multi-carrier and stabilizing the frequency of each of the 
optical multi-carrier and, as well as to provide an optical multi-carrier source using the 
25 mode-locked laser. 



MEANS FOR SOLVING THE PROBLEMS 
[0011] 

(Mode-locked Lasers) 

5 A mode-locked laser according to a first invention includes a master laser which 

generates master laser light; a mode-locked laser section including, in an optical resonator, at 
least a modulating section, an amplifying section, and a bandwidth limiting section which 
reduces mode partition noise; and a signal generating section which generates a periodic signal 
serving for mode locking of the mode-locked laser section and to be applied to the modulating 
10 section, in which the master laser light is input to the optical resonator of the mode-locked 
laser section to cause injection locking. The master laser is to have an optical frequency more 
stable than a free-running optical frequency of the mode-locked laser section and a narrow 
linewidth. 
[0012] 

1 5 A second invention is such that, in the mode-locked laser according to the first 

invention, the modulating section uses one of an electro-absorption modulator and a saturable 
absorption modulator. A third invention is such that, in the mode-locked laser according to 
the second invention, the mode-locked laser section includes a semiconductor laser having a 
plurality of electrodes that correspond to at least the modulating section and the amplifying 

20 section. A fourth invention is such that, in the mode-locked laser according to the third 
invention, an optical path length of the optical resonator is controlled by controlling at least one 
of a voltage applied to the modulating section, a current flowing through the amplifying section, 
and an operating temperature of the semiconductor laser. 
[0013] 

25 A fifth invention is such that, in the mode-locked laser according to the first invention, 



the bandwidth limiting section is one of a band-pass optical filter, a diffractive grating, a Bragg 

grating, and a chirp Bragg grating. 

[0014] 

A sixth invention is such that the mode-locked laser according to the first invention 
5 further includes one of an optical isolator and an optical circulator disposed between the 
master laser and the mode-locked laser section and stopping return light coming from the 
mode-locked laser section. A seventh invention is such that, in the mode-locked laser 
according to the first invention, the mode-locked laser section has different ports with one for 
inputting the master laser light thereto and the other for outputting optical output therefrom. 

1 0 An eighth invention is such that, in the mode-locked laser according to the first invention, the 
modulating section, amplilying section, and bandwidth limiting section are disposed in this 
order in the optical resonator of the mode-locked laser section and the master laser light is 
input from a modulating section side. A ninth invention is such that the mode-locked laser 
according to the first invention further includes: an optical modulating part which modulates 

1 5 the master laser light that is output from the master laser; and a signal generating section 
which generates a periodic signal that is synchronized with the periodic signal applied to the 
modulating section of the mode-locked laser section, in which the maser laser light is input to 
the mode-locked laser section after being modulated by the periodic signal that is output from 
the signal generating section. 

20 [0015] 

A 1 0th invention is such that the mode-locked laser according to the second invention 
using an electro-absorption modulator or a saturable absorption modulator further includes: a 
modulating section average current measuring section which detects an average current 
flowing through the modulating section of the mode-locked laser section; and an optical 
25 resonator length control section which controls an optical path length of the optical resonator 



of the mode-locked laser section, in which the optical resonator length control section controls 
the optical path length of the optical resonator so that the average current measured by the 
modulating section average current measuring section is to be smaller than an average current 
that flows when no master laser light is input to the mode-locked laser section. 
5 [0016] 

An 11th invention is such that, in the mode-locked laser according to the 10th 
invention, the optical resonator length control section controls the optical path length of the 
optical resonator so that the average current measured by the modulating section average 
current measuring section is to be smaller than or equal to 90% of the average current that 
1 0 flows when no master laser light is input to the mode-locked laser section. 
[0017] 

A 1 2th invention is such that the mode-locked laser according to the first invention 
further includes: an optical intensity measuring section which detects average optical intensity 
of optical output of the mode-locked laser section; and an optical resonator length control 

1 5 section which controls an optical path length of the optical resonator of the mode-locked laser 
section, in which the optical resonator length control section controls the optical path length of 
the optical resonator so that the average optical intensity measured by the optical intensity 
measuring section is to be higher than average optical intensity that occurs when no master 
laser light is input to the mode-locked laser section. 

20 [0018] 

A 13th invention is such that, in the mode-locked laser according to the 12th 
invention, the optical resonator length control section controls the optical path length of the 
optical resonator so that the average optical intensity measured by the optical intensity 
measuring section is to be higher than or equal to 105% of the average optical intensity that 
25 occurs when no master laser light is input to the mode-locked laser section. 



[0019] 

A 14th invention is such that, in the mode-locked laser according to the first invention, 
the mode-locked laser further includes: a linewidth measuring part which detects a linewidth of 
a longitudinal mode included in optical output of the mode-locked laser section; and an optical 
5 resonator length control section which controls an optical path length of the optical resonator 
of the mode-locked laser section, in which the optical resonator length control section controls 
the optical path length of the optical resonator so that the linewidth of the longitudinal mode 
measured by the linewidth measuring part is to be minimum. 
[0020] 

10 A 15th invention is such that the mode-locked laser according to the first invention 

further includes: a linewidth measuring part which detects a linewidth of a beat note of the 
master laser light and a longitudinal mode included in optical output of the mode-locked laser 
section; and an optical resonator length control section which controls an optical path length of 
the optical resonator of the mode-locked laser section, wherein the optical resonator length 

1 5 control section controls the optical path length of the optical resonator so that the linewidth of 
the beat note measured by the linewidth measuring part is to be minimum. 
[0021] 

A 16th invention is such that the mode-locked laser according to the first invention 
further includes: a CNR measuring part which detects a carrier-to-noise ratio (hereinafter, CNR) 

20 of a longitudinal mode included in optical output of the mode-locked laser section; and an 
optical resonator length control section which controls an optical path length of the optical 
resonator of the mode-locked laser section, in which the optical resonator length control 
section controls the optical path length of the optical resonator so that the CNR of the 
longitudinal mode measured by the CNR measuring part is to be maximum. 

25 [0022] 



A 1 7th invention is such that the mode-locked laser according to the first invention 
further includes: a CNR/intensity measuring part which detects a CNR or intensity of a beat note 
of the master laser light and a longitudinal mode included in optical output of the mode-locked 
laser section; and an optical resonator length control section which controls an optical path 
5 length of the optical resonator of the mode-locked laser section, in which the optical resonator 
length control section controls the optical path length of the optical resonator so that the CNR 
or the intensity of the beat note measured by the linewidth measuring part is to be maximum or 
highest. 
[0023] 

1 0 (Optical Multi-carrier Sources) 

An optical multi-carrier source according to an 18th invention includes the 
mode-locked laser according to any one of the first to 17th inventions; and a waveguided 
optical nonlinear medium which receives optical output of the mode-locked laser and outputs 
optical multi-carrier that is generated by broadening a spectrum of the optical output of the 

1 5 mode-locked laser. 
[0024] 

An optical multi-carrier source according to a 19th invention includes the 
mode-locked laser according to any one of the first to ninth inventions; a waveguided optical 
nonlinear medium which receives optical output of the mode-locked laser and outputs optical 

20 multi-carrier that is generated by broadening a spectrum of the optical output of the 
mode-locked laser; a linewidth measuring part which detects a linewidth of an optical carrier 
included in optical output of the waveguided optical nonlinear medium; and an optical 
resonator length control section which controls an optical path length of the optical resonator 
of the mode-locked laser section, in which the optical resonator length control section controls 

25 the optical path length of the optical resonator so that the linewidth of the optical carrier 



measured by the linewidth measuring part is to be minimum. 
[0025] 

An optical multi-carrier source according to a 20th invention includes the 
mode-locked laser according to any one of the first to ninth inventions; a waveguided optical 
5 nonlinear medium which receives optical output of the mode-locked laser and outputs optical 
multi-carrier that is generated by broadening a spectrum of the optical output of the 
mode-locked laser; a linewidth measuring part which detects a linewidth of a beat note of the 
master laser light and an optical carrier included in optical output of the waveguided optical 
nonlinear medium; and an optical resonator length control section which controls an optical 
1 0 path length of the optical resonator of the mode-locked laser section, in which the optical 
resonator length control section controls the optical path length of the optical resonator so that 
the linewidth of the beat note measured by the linewidth measuring part is to be minimum. 
[0026] 

An optical multi-carrier source according to a 21st invention includes the 
1 5 mode-locked laser according to any one of the first to ninth inventions; a waveguided optical 
nonlinear medium which receives optical output of the mode-locked laser and outputs optical 
multi-carrier that is generated by broadening a spectrum of the optical output of the 
mode-locked laser; a CNR measuring part which detects a CNR of an optical carrier included in 
optical output of the waveguided optical nonlinear medium; and an optical resonator length 
20 control section which controls an optical path length of the optical resonator of the 
mode-locked laser section, in which the optical resonator length control section controls the 
optical path length of the optical resonator so that the CNR of the optical carrier measured by 
the CNR measuring part is to be maximum. 
[0027] 

25 An optical multi-carrier source according to a 22nd invention includes the 

10 



mode-locked laser according to any one of the first to ninth inventions; a waveguided optical 
nonlinear medium which receives optical output of the mode-locked laser and outputs optical 
multi-carrier that is generated by broadening a spectrum of the optical output of the 
mode-locked laser; a CNR/intensity measuring part which detects a CNR or intensity of a beat 
5 note of the master laser light and an optical carrier included in optical output of the waveguided 
optical nonlinear medium; and an optical resonator length control section which controls an 
optical path length of the optical resonator of the mode-locked laser section, in which the 
optical resonator length control section controls the optical path length of the optical resonator 
so that the CNR or the intensity of the beat note measured by the linewidth measuring part is to 
1 0 be maximum or highest. 
[0028] 

A 23rd invention is such that, in the optical multi-carrier source according to any one 
of the 1 8th to 22nd invention, the waveguided optical nonlinear medium has, in all or part of its 
length, such a characteristic that a dispersion (unit: ps/nm/km) at an average wavelength of the 
1 5 optical output of the mode-locked laser exhibits a positive-to-negative decrease. A 24th 
invention is such that, in the optical multi-carrier source according to the 23rd invention, the 
waveguided optical nonlinear medium has, in all or part of its length, such a characteristic that 
a wavelength dispersion characteristic is represented by a convex function. 
[0029] 

20 A 25th invention is such that, in the optical multi-carrier source according to any one 

of the 18th to 22nd inventions, the waveguided optical nonlinear medium has, in all or part of 
its length, such a characteristic that a dispersion (unit: ps/nm/km) at an average wavelength of 
the optical output of the mode-locked laser varies between 0 and -0.5 (ps/nm/km) and that a 
wavelength dispersion characteristic is represented by a convex function. 

25 [0030] 



A 26th invention is such that, in the optical multi-carrier source according to any one 
of the 1 8th to 22nd inventions, the waveguided optical nonlinear medium is a holey fiber in 
which an absolute value of a dispersion slope at an average wavelength of the optical output of 
the mode-locked laser is 0.1 (ps/nm2/km) or less and a nonlinear coefficient y is 1 0 (W-ikm-^ 
5 or more. 
[0031] 

A 27th invention is such that the optical multi-carrier source according to any one of 
the 18th to 22nd inventions further includes an optical amplifier disposed between the 
mode-locked laser and the waveguided optical nonlinear medium. A 28th invention is such 

1 0 that the optical multi-carrier source according to any one of the 1 8th to 22nd inventions further 
includes an optical pulse compressor which is disposed between the mode-locked laser and 
the waveguided optical nonlinear medium and shortens a temporal duration of the optical 
output of the mode-locked laser. A 29th invention is such that, in the optical multi-carrier 
source according to any one of the 18th to 22nd inventions, the components of the optical 

1 5 multi-carrier source are of a polarization maintaining type. 

ADVANTAGEOUS EFFECTS OF THE INVENTION 
[0032] 

The mode-locked laser according to the invention can reduce noise in optical output 
20 and linewidth thereof by virtue of the effect of the bandwidth limiting section disposed in the 
mode-locked laser section and the effect of injection locking by master laser light output from 
the master laser. 
[0033] 

The mode-locked laser according to the invention can also maintain an 
25 injection-locking state for a long time by monitoring the locking state of the mode-locked laser 

12 



section from the average current flowing through the modulating section of the mode-locked 
laser section, the average optical power of optical output, the linewidth or CNR of a longitudinal 
mode included in optical output, and the linewidth or CNR of a beat note of the master laser 
light and optical output of the mode-locked laser section, and by controlling the optical 
resonator length of the mode-locked laser section on the basis of the monitoring result. 
[0034] 

The optical multi-carrier source according to the invention can stabilize the frequency 
of each optical carrier over a wide wavelength range and generate high-quality optical 
multi-carriers by inputting to the waveguided optical nonlinear medium optical output of the 
mode-locked laser that is reduced in noise and linewidth. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] 

Fig. 1 shows a first embodiment of a mode-locked laser according to the present 
invention; 

Fig. 2 shows a second embodiment of a mode-locked laser according to the invention; 

Fig. 3 shows a third embodiment of a mode-locked laser according to the invention; 

Fig. 4 shows a fourth embodiment of a mode-locked laser according to the invention; 

Fig. 5 shows a fifth embodiment of a mode-locked laser according to the invention; 

Fig. 6 shows a sixth embodiment of a mode-locked laser according to the invention; 

Fig. 7 shows a locking characteristic of a mode-locked laser section 20; 

Fig. 8 shows temperature dependence of the average current flowing through a 
modulating section 24; 

Fig. 9 shows a seventh embodiment of a mode-locked laser according to the 
invention; 
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Fig. 10 shows temperature dependence of the average optical intensity of the optical 
output of the mode-locked laser section 20; 

Fig. 1 1 shows an eighth embodiment of a mode-locked laser according to the 
invention; 

Fig. 1 2 shows a measurement example of the linewidth of an optical carrier in optical 
output of a waveguided optical nonlinear medium; 

Fig. 1 3 shows a ninth embodiment of a mode-locked laser according to the invention; 

Fig. 14 shows a 10th embodiment of a mode-locked laser according to the invention; 

Fig. 1 5 shows a measurement example of the CNR of an optical carrier in optical 
output of a waveguided optical nonlinear medium; 

Fig. 1 6 shows an 1 1 th embodiment of a mode-locked laser according to the invention; 

Fig. 1 7 shows a 1 2th embodiment of a mode-locked laser according to the invention; 

Fig. 1 8 shows a 1 3th embodiment of a mode-locked laser according to the invention; 

Fig, 19 shows a 14th embodiment of a mode-locked laser according to the invention; 

Fig. 20 shows a 1 5th embodiment of a mode-locked laser according to the invention; 

Fig. 21 shows a 16th embodiment of a mode-locked laser according to the invention; 

Fig. 22 shows a first embodiment of an optical multi-carrier source according to the 
invention; 

Fig. 23 shows an exemplary output spectrum of the optical multi-carrier source 
according to the invention (with injection locking); 

Fig. 24 shows an exemplary output spectrum of the . optical multi-carrier source 
according to the invention (without injection locking); 

Fig. 25 shows a first exemplary chromatic dispersion characteristic of a waveguided 
optical nonlinear medium 2; 

Fig. 26 shows a second exemplary chromatic dispersion characteristic of the 

14 



waveguided optical nonlinear medium 2; 

Fig. 27 shows a third exemplary chromatic dispersion characteristic of the waveguided 
optical nonlinear medium 2; 

Fig. 28 shows a second embodiment of an optical multi-carrier source according to 
the invention; 

Fig. 29 shows a third embodiment of an optical multi-carrier source according to the 
invention; 

Fig. 30 shows a fourth embodiment of an optical multi-carrier source according to the 
invention; 

Fig. 31 shows a fifth embodiment of an optical multi-carrier source according to the 
invention; 

Fig. 32 shows a sixth embodiment of an optical multi-carrier source according to the 
invention; 

Fig. 33 shows a seventh embodiment of an optical multi-carrier source according to 
the invention; 

Fig. 34 shows an optical multi-carrier source as a first conventional example; 

Fig. 35 shows an optical multi-carrier source as a second conventional example; and 

Fig. 36 shows an optical multi-carrier source as a third conventional example. 

BEST MODE FOR CARRYING OUT THE INVENTION 

[0036] 

(First Embodiment of Mode-locked Laser) 

Fig. 1 shows a first embodiment of a mode-locked laser according to the present 
invention. As shown in the figure, the mode-locked laser is composed of a master laser 1 0, a 
mode-locked laser section 20a in which a modulating section 23, an amplifying section 24, and 

15 



a bandwidth limiting section 25 are provided in an optical resonator that is formed by 
confronting mirrors 21 and 22, and a signal generating section 30. This embodiment is 
characterized in that the mode-locked laser section 20a is provided with the bandwidth limiting 
section 25 and that master laser light that is output from the master laser 10 is input to the 
5 optical resonator of the mode-locked laser section 20a to attain injection locking. It is 
desirable that the mode-locked laser section 20a be provided with, in addition to an output 
port, a separate input port for input of master laser light. This prevents master laser light from 
being mixed directly into optical output of the mode-locked laser section 20a. 
[0037] 

1 0 A periodic signal for mode locking is applied from the signal generating section (e.g., 

oscillator) 30 to the modulating section 23 of the mode-locked laser section 20a. The 
bandwidth limiting section 25 is a band-pass optical filter (e.g., thin-film filter), a diffractive 
grating, a Bragg grating, or a chirp Bragg grating. The wavelength filtering effect of the 
bandwidth limiting section 25 reduces mode partition noise in optical output of the 

1 5 mode-locked laser section 20a. This embodiment employs the configuration that the 
modulating section 23, the amplifying section 24, and the bandwidth limiting section 25 are 
arranged in this order between the mirrors 21 and 22 and master laser light is input from the 
modulating section 23 side. This configuration provides an advantage that the efficiency of 
input of master laser light to the optical resonator is increased in the case where the bandwidth 

20 limiting section 25 is a diffractive grating, a Bragg grating, or a chirp Bragg grating. However, 
in general, the manner of arrangement of the modulating section 23, the amplifying section 24, 
and the bandwidth limiting section 25 is not limited to the one according to this embodiment 
and they may be arranged in arbitrary order. Further, as in the case of colliding pulse 
mode-locked lasers, for example, a configuration is possible in which plural amplifying 

25 sections are provided and a modulating section is disposed at the center of the optical 
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resonator. 
[0038] 

The master laser 10 should be such that the linewidth Is narrow and the optical 
frequency is more stable than the optical frequency when the mode-locked laser section 20a is 
5 in a free-running state. When master laser light that is output from the maser laser 10 is 
injected into the mode-locked laser section 20a, an injection locking phenomenon occurs that 
longitudinal modes in the optical output spectrum of the mode-locked laser section 20a are 
locked with the master laser light in optical frequency. By virtue of the effect of the bandwidth 
limiting section 25 and the effect of the injection locking, optical output of the mode-locked 
10 laser section 20a is reduced in noise and linewidth although the bandwidth of optical 
multi-carrier and the number of longitudinal modes thereof are insufficient. 
[0039] 

(Second Embodiment of Mode-locked Laser) 

Fig. 2 shows a second embodiment of a mode-locked laser according to the invention. 

1 5 This embodiment is characterized in using a mode-locked laser section 20b that is in the form 
of a ring resonator. In the mode-locked laser section 20b, an optical coupler 26, a modulating 
section 23, an amplifying section 24, a bandwidth limiting section 25, and an optical splitter 27 
are connected in ring form. Master laser light that is output from a master laser 1 0 is input via 
the optical coupler 26 and optical output is output via the optical splitter 27. An optical 

20 isolator may be inserted in the optical resonator. 
[0040] 

(Third Embodiment of Mode-locked Laser) 

Fig. 3 shows a third embodiment of a mode-locked laser according to the invention. 
This embodiment is characterized in using, as a mode-locked laser 20c, a semiconductor laser 
25 in which a modulating section 23, an amplifying section 24, and a bandwidth limiting section 
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25 are formed on a monolithic substrate. This configuration reduces the size. A signal 
generating section 30 that supplies a signal to be applied to the modulating section 23 is 
provided with a bias voltage applying means. 
[0041] 

5 (Fourth Embodiment of Mode-locked Laser) 

Fig. 4 shows a fourth embodiment of a mode-locked laser according to the invention. 
This embodiment is characterized in that in each of the first to third embodiments an optical 
isolator 4 1 is disposed between the master laser 1 0 and the mode-locked laser section 20 (20a, 
20b, or 20c) to prevent the master laser from being input with light which returns from the 
10 mode-locked laser section. In the case of the mode-locked laser section 20c that is a 
semiconductor laser light source, an optical isolator may also be provided in the output port. 
[0042] 

(Fifth Embodiment of Mode-locked Laser) 

Fig. 5 shows a fifth embodiment of a mode-locked laser according to the invention. 

1 5 This embodiment is characterized as follows. Where the mode-locked laser section 20 in any 
of the first to third embodiments has only one port (output port), master laser light that is 
output from the master laser 10 is injected from the output port side. Isolation between 
optical output of the mode-locked laser and master laser light is attained by an optical 
circulator 42. 

20 [0043] 

(Sixth Embodiment of Mode-locked Laser) 

Fig. 6 shows a sixth embodiment of a mode-locked laser according to the invention. 
The state of injection locking of the mode-locked laser section 20 of each of the first to fifth 
embodiments may break due to a change in the external environment such as the temperature. 

25 This embodiment provides a configuration example in which the optical path length of the 
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optical resonator of the mode-locked laser section 20 Is controlled (the injection locking 
condition is adjusted) as a function of a stabilizing means for keeping a locking state stably for 
a long time. 
[0044] 

5 Referring to the figure, a modulating section average current measuring section 43 

monitors the average current flowing through the modulating section 23 of the mode-locked 
laser section 20 and judges the locking state. An optical resonator length control section 44 
controls the optical path length of the optical resonator of the mode-locked laser section 20 in 
accordance with the monitoring result of the modulating section average current measuring 
10 section 43. Examples of the modulating section 23 that enables such current monitoring are 
an electro-absorption modulator and a saturable absorption modulator. 
[0045] 

Exemplary methods for controlling the optical path length of the optical resonator are 
a method of changing the geometrical length of the optical resonator and a method of the 

1 5 refractive index inside the optical resonator. The former method is easier In the case where 
the optical path length of the optical resonator is great as in the case of the ring resonator (see 
Fig. 2). The latter method is easier In the case of the semiconductor laser (see Fig. 3). For 
example, the optical path length of the optical resonator can be controlled equivaiently by 
changing the refractive index of the laser waveguide by changing the current flowing through 

20 the amplifying section 24, the voltage applied to the modulating section 23, or the operating 
temperature. 
[0046] 

Fig. 7 shows a locking characteristic that Is obtained when the optical path length of 
the optical resonator is changed by changing the operating temperature of the mode-locked 
25 laser section 20. The horizontal axis represents the operating temperature and the vertical 
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axis represents the beat frequency of the optical output of the mode-locked laser section 20 
and the master laser light. A flat variation portion of the plot means occurrence of injection 
locking. 
[0047] 

5 Fig. 8 shows temperature dependence of the average current flowing through the 

modulating section 23 of the mode-locked laser section 20. An operating temperature range 
where the average current varies greatly corresponds to the locking range where injection 
locking occurs. Therefore, the state of injection locking with master laser light can be judged 
by monitoring the average current flowing through the modulating section 23. That is, the 

10 optical resonator length control section 44 can maintain a locking state by. controlling the 
optical path length of the optical resonator so that the average current value measured by the 
modulating section average current measuring section 43 is kept smaller than (e.g., smaller 
than or equal to 90% of) an average current value of a case that no master laser light is input to 
the mode-locked laser section 20. 

1 5 [0048] 

(Seventh Embodiment of Mode-locked Laser) 

Fig. 9 shows a seventh embodiment of a mode-locked laser according to the invention. 
This embodiment provides another configuration example for stabilizing a locking state 
(adjusting the injection locking condition) of the mode-locked laser section 20. 

20 [0049] 

Referring to the figure, an optical intensity measuring section 45 receives part of 
optical output of the mode-locked laser section 20 via an optical splitter 46 and judges the 
locking state by monitoring its average optical intensity. An optical resonator length control 
section 44 controls the optical path length of the optical resonator of the mode-locked laser 
25 section 20 in accordance with the monitoring result of the optical intensity measuring section 
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45. The optical path length of the optical resonator is controlled in the same manner as in the 

sixth embodiment. 

[0050] 

Fig. 10 shows temperature dependence of the average optical intensity of the optical 
5 output of the mode-locked laser section 20. An operating temperature range where the 
average optical intensity of the optical output varies greatly corresponds to the locking range 
where injection locking occurs. Therefore, the state of injection locking with master laser light 
can be judged by monitoring the average optical intensity of the optical output. That is, the 
optical resonator length control section 44 can maintain a locking state by controlling the 
1 0 optical path length of the optical resonator so that the average optical intensity measured by 
the optical intensity measuring section 45 is kept higher than (e.g., higher than or equal to 
105% of) average optical intensity of a case that no master laser tight is input to the 
mode-locked laser section 20. 
[0051] 

1 5 (Eighth Embodiment of Mode-locked Laser) 

Fig. 1 1 shows an eighth embodiment of a mode-locked laser according to the 
invention. This embodiment provides another configuration example for stabilizing a locking 
state (adjusting the injection locking condition) of the mode-locked laser section 20. 
[0052] 

20 Referring to the figure, an optical filter 47 and a linewidth measuring section 48 

receive part of optical output of the mode-locked laser section 20 via an optical splitter 46, 
optically separates one of longitudinal modes included in the part of the optical output, and 
judges the locking state by monitoring its linewidth. An optical resonator length control 
section 44 controls the optical path length of the optical resonator of the mode-locked laser 

25 section 20 in accordance with the monitoring result of the linewidth measuring section 48. 



The optical path length of the optical resonator is controlled in the same manner as in the sixth 
embodiment. The linewidth measuring section 48 can measure the linewldth of one 
longitudinal mode by such a measuring method as a delayed self-heterodyne method. 
[0053] 

5 Fig. 1 2 shows a measurement example of the linewidth of an optical carrier in optical 

output of a waveguided optical nonlinear medium (optical multi-carrier source; described later) 
that receives optical output of the mode-locked laser section 20, instead of a measurement 
example of the linewidth of a longitudinal mode in optical output of the mode-locked laser 
section 20. At the same optical frequency, the linewidth of a longitudinal mode in optical 
1 0 output of the mode-locked laser section 20 is approximately the same as the linewidth of an 
optical carrier in optical output of the waveguided optical nonlinear medium. In this 
measurement, the average wavelength of optical output of the mode-locked laser 
(mode-locked laser section 20) according to the invention was set at 1,552.52 nm. 
[0054] 

1 5 In Fig. 1 2, black dots correspond to a case that master laser light is injected into the 

mode-locked laser section 20 and white dots corresponds to a case that no master laser light is 
injected. When the mode-locked laser section 20 is locked by using master laser light having 
a narrow linewidth, the linewidth of a longitudinal mode in optical output of the mode-locked 
laser section 20 (the linewidth of an optical carrier in optical output of the waveguided optical 

20 nonlinear medium) is minimum. Therefore, the state of injection locking with master laser 
light can be judged by monitoring the linewidth of an optical carrier in optical output of 
waveguided optical nonlinear medium as the linewidth of a longitudinal mode in optical output 
of the mode-locked laser section 20. That is, the optical resonator length control section 44 
can maintain a locking state by controlling the optical path length of the optical resonator so 

25 that the linewidth measured by the linewidth measuring section 48 is to be minimum. 
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[0055] 

(Ninth Embodiment of Mode-locked Laser) 

Fig. 1 3 shows a ninth embodiment of a mode-locked laser according to the invention. 
This embodiment provides still another configuration example for stabilizing a locking state 
5 (adjusting the injection locking condition) of the mode-locked laser section 20. 
[0056] 

Referring to the figure, part of master laser light that is made to branch off by an 
optical splitter 46-1 and part of optical output of the mode-locked laser section 20 that is 
made to branch off by an optical splitter 46-2 are combined with each other by an optical mixer 

1 0 49. The linewidth of a beat note of the master laser light and one (closest in frequency to the 
master laser light) of longitudinal modes included in the optical output is monitored by a 
linewidth measuring section 48 and the locking state is thereby judged. The optical resonator 
length control section 44 controls the optical path length of the optical resonator of the 
mode-locked laser section 20 in accordance with the monitoring result of the linewidth 

1 5 measuring section 48. The optical path length of the optical resonator is controlled in the 
same manner as in the sixth embodiment. The optical mixer 49 may be an optical detector 
such as a photodetector. The linewidth can be measured more easily by a configuration in 
which optical heterodyne detection is performed, for example, by shifting the frequency of 
master laser light with an optical frequency shifter 50. 

20 [0057] 

When the mode-locked laser section 20 is locked with master laser light, the linewidth 
of a beat note of the master laser light and a longitudinal mode included in optical output of the 
mode-locked laser section 20 are at minimum. Therefore, the optical resonator length control 
section 44 can maintain a locking state by controlling the optical path length of the optical 
25 resonator so that the beat note linewidth measured by the linewidth measuring section 48 is to 
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be minimum. 
[0058] 

(1 0th Embodiment of Mode-locked Laser) 

Fig. 14 shows a 1 0th embodiment of a mode-locked laser according to the invention. 
5 This embodiment provides yet another configuration example for stabilizing a locking state 
(adjusting the injection locking condition) of the mode-locked laser section 20. 
[0059] 

Referring to the figure, an optical filter 47 and a CNR measuring section 5 1 receive part 
of optical output of the mode-locked laser section 20 via an optical splitter 46, optically 

1 0 separates one of longitudinal modes included in the part of the optical output, and judges the 
locking state by monitoring its CNR. An optical resonator length control section 44 controls 
the optical path length of the optical resonator of the mode-locked laser section 20 in 
accordance with the monitoring result of the CNR measuring section 51. The optical path 
length of the optical resonator is controlled in the same manner as in the sixth embodiment. 

1 5 The CNR measuring section 5 1 can measure the CNR of a longitudinal mode by integrating, in a 
signal band, relative intensity noise that is measured by a photodetector and an optical 
spectrum analyzer, for example. 
[0060] 

Fig. 1 5 shows a measurement example of the CNR of an optical carrier in optical 
20 output of a waveguided optical nonlinear medium (optical multi-carrier source; described later) 
that receives optical output of the mode-locked laser section 20, instead of a measurement 
example of the CNR of a longitudinal mode in optical output of the mode-locked laser section 
20. The amount of improvement in the CNR of a longitudinal mode in optical output of the 
mode-locked laser section 20 due to injection of master laser light is approximately the same 
25 as the amount of improvement in the CNR of an optical carrier in optical output of the 
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waveguided optical nonlinear medium. In this measurement, the average wavelength of 
optical output of the mode-locked laser (mode-locked laser section 20) according to the 
invention was set at 1,552.52 nm. 
[0061] 

5 In Fig. 15, black dots correspond to a case that master laser light is injected into the 

mode-locked laser section 20 and white dots corresponds to a case that no master laser light is 
injected. When the mode-locked laser section 20 is locked by using master laser light, the 
CNR of optical output of the mode-locked laser section 20 (an optical carrier in optical output 
of the waveguided optical nonlinear medium) is maximum. Therefore, the state of injection 

1 0 locking with master laser light can be judged by monitoring the CNR of a longitudinal mode in 
optical output (the CNR of an optical carrier in optical output of waveguided optical nonlinear 
medium). That is, the optical resonator length control section 44 can rnaintain a locking state 
by controlling the optical path length of the optical resonator so that the CNR measured by the 
CNR measuring section 51 is to be maximum. 

1 5 [0062] 

(1 1th Embodiment of Mode-locked Laser) 

Fig. 16 shows an 1 1th embodiment of a mode-locked laser according to the invention. 
This embodiment provides a further configuration for stabilizing a locking state (adjusting the 
injection locking condition) of the mode-locked laser section 20. 

20 [0063] 

Referring to the figure, part of master laser light that is made to branch off by an 
optical splitter 46-1 and part of optical output of the mode-locked laser section 20 that is 
made to branch off by an optical splitter 46-2 are combined with each other by an optical mixer 
49. The CNR or intensity of a beat note of the master laser light and one (closest in frequency 
25 to the master laser light) of longitudinal modes included in the optical output is monitored by 
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the CNR/intensity measuring section 51 and the locking state is thereby judged. The optical 
resonator length control section 44 controls the optical path length of the optical resonator of 
the mode-locked laser section 20 in accordance with the monitoring result of the CNR/intensity 
measuring section 51. The optical path length of the optical resonator is controlled in the 
5 same manner as in the sixth embodiment. The optical mixer 49 may be an optical detector 
such as a photodetector. The CNR can be measured more easily by a configuration in which 
optical heterodyne detection is performed, for example, by shifting the frequency of master 
laser light with an optical frequency shifter 50. 
[0064] 

1 0 When the mode-locked laser section 20 is locked with master laser light, the CNR of a 

beat note of the master laser light and a longitudinal mode included in optical output of the 
mode-locked laser section 20 is at maximum and its intensity is highest. Therefore, the 
optical resonator length control section 44 can maintain a locking state by controlling the 
optical path length of the optical resonator so that the CNR or intensity of a beat note measured 

1 5 by the CNR measuring section 48 to be maximum or highest. 
[0065] 

(1 2th Embodiment of Mode-locked Laser) 

Fig. 1 7 shows a 1 2th embodiment of a mode-locked laser according to the invention. 
This embodiment is characterized in that it is provided with an optical modulating part 60 for 

20 modulating master laser light that is supplied from a master laser 10 and is to be input to a 
mode-locked laser section 20 and a signal generating section 61 for generating a periodic 
signal that is synchronized with a periodic signal that is input to a modulating section of the 
mode-locked laser section 20, and that the master laser light is modulated according to the 
periodic signal that is output from the signal generating section 61. The frequencies of the 

25 two period signals are identical or one of those is an integer multiple of the other. A 
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configuration is possible in which the master laser 1 0 is modulated directly instead of using the 

optical modulating part 60. 

[0066] 

(1 3th Embodiment of Mode-locked Lasers) 
5 Fig. 1 8 shows a 1 3th embodiment of mode-locked lasers according to the invention. 

This embodiment is characterized in that a master laser 10 for generating master laser light 
(reference frequency light) is shared by nodes 1 00m and 1 00s that are connected to each other 
via an optical fiber transmission line 200 and are each equipped with a mode-locked laser 
according to the invention. Plural nodes may be connected to the node 100m. 
1 0 [0067] 

That is, each of a set of the master laser 10, a mode-locked laser section 20m, and a 
signal generating section 30m of the node 1 00m and a set of a mode-locked laser section 20s 
and a signal generating section 30m of the node 100s corresponds to any of the mode-locked 
lasers according to the first to 12th embodiments. In this embodiment, part of master laser 
1 5 light that is output from the master laser 10 of the node 100m is made to branch off by an 
optical splitter 46, transmitted to the node 1 00s via the optical fiber transmission line 200, and 
input to the mode-locked laser section 20s to cause injection locking. 
[0068] 

If the output frequencies f of the signal generating section 30m of the node 100m and 
20 the signal generating section 30s of the node 100s are set identical, optical output beams 
(optical multi-carriers) having the same frequency spacing f can be generated in the respective 
nodes. In addition, by virtue of the effect of the injection locking phenomena caused by the 
same master laser light, the optical output beams can be reduced in noise and linewidth. 
[00691 

25 A configuration is possible in which as in the case of the sixth to 1 1th embodiments 



the mode-locked laser sections 20m and 20s of the respective nodes maintain a locking state 
for a long time by monitoring the state of injection locking of the mode-locked laser section 
and controlling the optical path length of the optical resonator on the basis of the monitoring 
result. Another configuration is possible in which the node 100s is equipped with a master 
5 laser that stands by for the case that the master laser 1 0 of the node 1 00m is out of order. 
[0070] 

(14th Embodiment of Mode-locked Lasers) 

Fig. 19 shows a 14th embodiment of mode-locked lasers according to the invention. 
This embodiment is characterized in that master laser light that is transmitted via the optical 

1 0 fiber transmission line 200 in the 1 3th embodiment is modulated according to a periodic signal 
for mode locking that is supplied from the signal generating section 30 of the node 100m to 
the mode-locked laser section 20m, and that in the node 100s the periodic signal 
superimposed on the master laser light is extracted and supplied to the mode-locked laser 
section 20s. 

15 [0071] 

That is, part of master laser light that is output from the master laser 10 of the node 
100m is made to branch off by an optical splitter 46m, input to an optical modulating section 
71, modulated there according to a periodic signal that is output from the signal generating 
section 30, and transmitted to the node 1 00s via the optical fiber transmission line 200. In the 

20 node 100s, an optical splitter 46s splits the master laser light into two parts, one of which is 
input to the mode-locked laser section 20s to effect injection locking. The other part of the 
master laser light is received by an optical receiver 72, and the periodic signal from the signal 
generating section 30 of the node 100m is extracted and input to mode-locked laser section 
20s via a signal generating section (amplifier) 31. The other part of the configuration is the 

25 same as in the 1 3th embodiment. 



[0072] 

(1 5th Embodiment of Mode-locked Lasers) 

Fig. 20 shows a 1 5th embodiment of mode-locked lasers according to the invention. 
This embodiment is characterized in that in the 14th embodiment a periodic signal is 
5 superimposed on optical output of a dedicated light source 73 rather than on master laser light 
and is transmitted to the node 100s via an optical fiber transmission line 201. That is. a 
periodic signal that is output from the signal generating section 30 is input to the mode-locked 
laser section 20m via a signal generating section (amplifier) 3 1 m, and the periodic signal that is 
output from the signal generating section 30 is also input to the light source 73 to modulate 

1 0 optical output of the light source 73. The other part of the configuration is the same as in the 
14th embodiment. The periodic signal that is output from the signal generating section 30 
may be used for directly driving the mode-locked laser section 20m instead of going through 
the signal generating section (amplifier) 31m. Optical output of the light source 73 may be 
transmitted via the single optical fiber transmission line 200 by means of wavelength 

1 5 multiplexing through an optical multiplexer and an optical demultiplexer. 
[0073] 

(16th Embodiment of Mode-locked Lasers) 

Fig. 21 shows a 16th embodiment of mode-locked lasers according to the invention. 
This embodiment is characterized in that in the 1 5th embodiment the frequency f of a periodic 

20 signal is divided to f/K in the signal generating section 30 of the node 1 00m, and optical output 
of the light source 73 is modulated according to the periodic signal having the frequency f/K 
and then transmitted to the node 100s. Signal generating sections 32m and 32s of the nodes 
1 00m and 1 00s convert the periodic signals having the frequency f/K to periodic signals having 
the frequency f by multiplying the frequency f/K and inputs those signals to the mode-locked 

25 laser sections 20m and 20s. respectively. The other part of the configuration is the same as in 
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the 1 5th embodiment. Optical output of the light source 73 may be transmitted via the single 
optical fiber transmission line 200 by means of wavelength multiplexing through an optical 
multiplexer and an optical demultiplexer. 
10074] 

5 In the case where an optical signal modulated according to a periodic signal having the 

frequency f may be distorted in traveling through the optical fiber transmission line 201, this 
embodiment makes it possible to avoid such distortion that might otherwise occur in the 
optical fiber transmission line 201 by transmitting an optical signal that has been modulated 
according to a periodic signal having the lower frequency f/K. 
10 [0075] 

In the 1 3th to 1 6th embodiments, master laser light to be used for injection locking of 
the mode-locked laser sections 20 is transmitted between plural nodes and, in addition, a 
periodic signal to be used for mode locking of the mode-locked laser sections 20 is transmitted 
between the plural nodes. This makes it possible to equalize the optical frequencies and the 
1 5 optical phases of optical multi-carriers generated by the respective nodes. Thus-configured 
mode-locked lasers enable coherent WDM communication using optical homodyne, optical 
heterodyne, or the like. 
[0076] 

(First Embodiment of Optical Multi-carrier Source) 

20 By virtue of the effect of the bandwidth limiting section 25 provided in the 

mode-locked laser section 20 and the effect of injection locking caused by master laser light 
that is output from the master laser 10, the above-described mode-locked lasers realize 
reduction of noise and the linewidth of optical output that cannot be realized by the 
mode-locked lasers of Non-patent document 4 etc. However, since the bandwidth and the 

25 number of longitudinal modes of optical multi-carrier are reduced, the following configuration 
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is employed to generate many optical m u It i -carriers. 
[0077] 

As shown in Fig. 22, the optical multi-carrier source according to the invention has a 
configuration in which optical output of the mode-locked laser according to the invention is 
5 input to awaveguided optical nonlinear medium 2. Although this embodiment shows only the 
master laser 10, the mode-locked laser section 20, and the signal generating section 30 as 
basic components of the mode-locked laser according to the invention, the mode-locked laser 
may have any of the configurations according to the first to 1 2th embodiments described above. 
The waveguided optical nonlinear medium 2 causes a spectrum broadening phenomenon 

1 0 based on an optical nonlinear effect such as supercontinuum generation with optical output of 
the mode-locked laser according to the invention as a seed and thereby outputs optical 
multi-carrier in which the number of longitudinal modes is increased by a factor of several tens 
to several hundreds. Since longitudinal modes included in optical output of the mode-locked 
laser according to the invention are locked with master laser light in optical frequency and 

1 5 hence is reduced in noise and linewidth, resulting optical multi-carrier of the optical 
multi-carrier source is also of low noise and has a narrow linewidth. 
[0078] 

Figs. 23 and 24 show exemplary output spectra of the optical multi-carrier source 
according to the invention. Fig. 23 shows a case that the mode-locked laser according to the 

20 invention is injection-locked by master laser light. Fig. 24 shows a case that it is not 
injection-locked. The vertical width of each spectrum that looks like a black band because of 
densely arranged optical carriers corresponds to visibility of each optical carrier; the quality of 
optical output is improved as the vertical width increases. These two exemplary output 
spectra show that the visibility is improved by the injection locking that is caused by master 

25 laser light. The improvement by the injection locking is particularly remarkable in wavelength 
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ranges that are distant from an average wavelength (1,552.52 nm) of optical output of the 

mode-locked laser according to the invention. 

[0079] 

The visibility of an optical carrier will now be described. In general, the visibility is 
5 defined as (M - m)/(M + m), where M and m are a maximum value and a minimum value of an 
observable (in this embodiment, spectrum intensity) that varies with the frequency or time. 
The visibility is 100% and 0% when m = 0 and m = M. respectively. In Figs. 23 and 24, the 
vertical width is represented by M/m; the width increases as the visibility heightens, the width 
decreases as the visibility lowers. 
10 [0080] 

In the mode-locked laser that is used in the optical multi-carrier source according to 
the invention, as described in the sixth embodiment (Fig. 6) to the 1 1th embodiment (Fig. 1 6), a 
locking state can be maintained for a long time by monitoring the state of injection locking of 
the mode-locked laser section by using the average current flowing through the modulating 

1 5 section of the mode-locked laser section 20, the average optical power of optical output, the 
linewidth or CNR of a longitudinal mode included in optical output, or the linewidth or CNR of a 
beat note of the master laser light and optical output of the mode-locked laser section 20 and 
controlling the optical path length of the optical resonator of the mode-locked laser section 20 
on the basis of the monitoring result. 

20 [0081] 

As described above, instead of monitoring a longitudinal mode included in optical 
output of the mode-locked laser section 20 used in the eighth embodiment (Fig. 1 1), the ninth 
embodiment (Fig. 13), the 10th embodiment (Fig. 14), and the 1 1th embodiment (Fig. 16), an 
optical carrier in optical output of the waveguided optical nonlinear medium 2 used in this 
25 embodiment may be monitored in a similar manner. 



[0082] 

Fig. 25 shows a first exemplary chromatic dispersion characteristic of the waveguided 
optical nonlinear medium 2. The waveguided optical nonlinear medium 2 has such a 
characteristic that the dispersion (unit: ps/nm/km) at the average wavelength of optical output 
5 of the mode-locked laser according to the invention exhibits a positive-to-negative decrease in 
all or part of its length. This kind of chromatic dispersion characteristic can be realized by, for 
example, a single-mode waveguide whose core diameter varies in a taper-like manner in the 
longitudinal direction. 
[0083] 

10 Fig. 26 shows a second exemplary chromatic dispersion characteristic of the 

waveguided optical nonlinear medium 2. In this example, the waveguided optical nonlinear 
medium 2 has, in addition to the same decreasing characteristic as in the first exemplary 
chromatic dispersion characteristic, a characteristic that the chromatic dispersion curve 
exhibits a convex function in all or part of its length. This kind of chromatic dispersion 

1 5 characteristic can be realized by, for example, a single-mode waveguide whose core diameter 
varies in a taper-like manner in the longitudinal direction and that has double, triple, or 
quadruple clad. The spectra of Figs. 23 and 24 are examples of optical multi-carrier produced 
by using an optical fiber of this design. 
[0084] 

20 Fig. 27 shows a third exemplary chromatic dispersion characteristic of the waveguided 

optical nonlinear medium 2. This chromatic dispersion characteristic is such that in all or part 
of its length the dispersion at the average wavelength of optical output of the mode-locked 
laser according to the invention is in a range of 0 to -0.5 (ps/nm/km) and the chromatic 
dispersion curve exhibits a convex function. This kind of chromatic dispersion characteristic 

25 can be realized by, for example, a single-mode waveguide that has double, triple, or quadruple 
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clad. 
[0085] 

The waveguided optical nonlinear medium having the chromatic dispersion 
characteristic of Fig. 25, 26, or 27 can be realized by using a holey fiber called a microstructure 
5 fiber or a photonic crystal fiber. For example, this holey fiber may be such that the absolute 
value of the dispersion slope at the average wavelength of optical output of the mode-locked 
laser according to the invention is 0. 1 (ps/nm2/l<m) or less and the nonlinear coefficient y is 1 0 
(W-^km-i) or more. Being high in the optical confinement of propagation light by using this, 
this holey fiber can realize an optical waveguide having a large nonlinear coefficient and hence 
1 0 can generate optical multi-carrier very efficiently. 
[0086] 

(Second Embodiment of Optical Multi-carrier Source) 

Fig. 28 shows a second embodiment of an optical multi-carrier source according to 
the invention. This embodiment is characterized in that an optical amplifier 3 is disposed 
1 5 between the mode-locked laser according to the invention (master laser 1 0, mode-locked laser 
section 20, and signal generating section 30) and the waveguided optical nonlinear medium 2 
of the first embodiment. 
[0087] 

Where the carrier frequency spacing of the optical multi-carrier source, that is, the 
20 repetition frequency of the mode-locked laser is high, the energy per one output pulse of the 
mode-locked laser is low and the optical nonlinear effect is small, which disables generation of 
many optical carriers. Consequently, amplifying optical output of the mode-locked laser with 
the optical amplifier 3 as in this embodiment allows the waveguided optical nonlinear medium 
2 to generate many optical carriers even in the case where the repetition frequency is high. 
25 [0088] 



(Third Embodiment of Optical M u It i -carrier Source) 

Fig. 29 shows a third embodiment of an optical multi-carrier source according to the 
invention. This embodiment is characterized in that an optical pulse compressor 4 is disposed 
between the mode-locked laser according to the invention (master laser 10, mode-locked laser 
5 section 20, and signal generating section 30) and the waveguided optical nonlinear medium 2 
of the first embodiment. 
[0089] 

Inputting optical output of the mode-locked laser to the optical pulse compressor 4 
increases the peak intensity and thereby allows the waveguided optical nonlinear medium 2 to 
1 0 generate many optical carriers. Where the degree of chirping of optical pulse train is high, a 
dispersive medium such as an optical fiber or a Bragg grating capable of canceling out chirping 
is used as the pulse compressor optical carrier 4. Where the degree of chirping of optical pulse 
train is low, a soliton effect or the like in an optical fiber is utilized. 
[0090] 

1 5 (Fourth to Seventh Embodiments of Optical Multi-carrier Sources) 

Fig. 30-33 show fourth to seventh embodiments of optical multi-carrier sources 
according to the invention. These embodiments of optical multi-carrier sources correspond 
to the 13th to 16th embodiments of mode-locked lasers according to the invention shown in 
Figs. 1 8-2 1 , respectively. Optical output of the mode-locked laser section 20m of each 
20 embodiment is input to a waveguided optical nonlinear medium 2m and optical output of the 
mode-locked laser section 20s is input to a waveguided optical nonlinear medium 2s, whereby 
many optical carriers are generated by each of nodes 1 00m and 1 00s. 
[0091] 

In each embodiment of an optical multi-carrier source, as described in the 1 3th to 

2 5 1 6th embodiments of mode-locked lasers, master laser light to be used for injection locking of 
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the mode-locked laser section 20 is transmitted between plural nodes and, in addition, a 
periodic signal to be used for mode locking of the mode-locked laser sections 20 is transmitted 
between the plural nodes. This makes it possible to equalize the optical frequencies and the 
optical phases of optical multi-carriers generated by the respective nodes. Thus-configured 
5 optical multi-carrier sources enable coherent WDM communication using optical homodyne, 
optical heterodyne, or the like. 
[0092] 

In the above-described optical multi-carrier sources, optical multi-carrier can be 
generated stably by making all the components maintain optical polarization. 

10 

INDUSTRIAL APPUCABIUJY 
[0093] 

The invention can be utilized for providing an optical frequency reference for optical 
signals that transmit in a long-distance, high-density WDM optical fiber communication 
1 5 systems, as well as an optical multi-carrier source for that purpose. 
[0094] 

The invention can be utilized for providing an optical multi-carrier source for 
supplying optical carriers in a WDM optical access network. 
[0095] 

20 The invention can be utilized for providing an optical multi-carrier source for 

generating millimeter waves in the WDM radio-on-Fiber systems. 
[0096] 

The invention can be utilized for providing an optical multi-carrier source that is used 
for calibration of optical measuring instruments such as an optical frequency counter and an 
25 optical spectrum analyzer. 



[0097] 

The invention can be utilized for providing a wideband coherent light source for 
medical optics such as the optical coherence tomography. 
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